Abstract Algae cells can be considered as microrobots from the perspective of engineering. These organisms not only have a strong reproductive ability but can also sense the environment, harvest energy from the surroundings, and swim very efficiently, accommodating all these functions in a body of size on the order of dozens of micrometers. An interesting topic with respect to random swimming motions of algae cells in a liquid is how to precisely control them as microrobots such that they swim according to manually set routes. This study developed an ingenious method to steer swimming cells based on the phototaxis. The method used a varying light signal to direct the motion of the cells. The swimming trajectory, speed, and force of algae cells were analyzed in detail. Then the algae cell could be controlled to swim back and forth, and traverse a crossroad as a microrobot obeying specific traffic rules. Furthermore, their motions along arbitrarily set trajectories such as zigzag, and triangle were realized successfully under optical control. Robotize algae cells can be used to precisely transport and deliver cargo such as drug particles in microfluidic chip for biomedical treatment and pharmacodynamic analysis. The study findings are expected to bring significant breakthrough in biological drives and new biomedical applications.
Introduction
Control of robots to perform complex tasks requires powering the robots and communication with them. Most of these macrorobots are driven by electrical motors, and energy is supplied to robots by power lines or electric batteries loaded on the robots. Communication with robots can be realized by signal lines or wireless channels. As the size of robots continues to decrease and even reaches the scale of micrometers, it will be a significance challenge to provide microrobots with extremely small energy storage devices with sufficient capacitance and physical wires or cumbersome components needed for wireless communication (Ma et al. 2013) .
To solve the problems of powering and communication with microrobots, scientists have paid attention to using biological molecular motors (Bachand et al. 2006; Persson et al. 2013; Jia et al. 2015) as actuators in microsystems. The advantages of using biological motors instead of electrical motors are that they are smaller with a size in the range of 10 nm to 10 μm (Rondelez et al. 2005; Tarhan et al. 2013) , and they can convert chemical energy to mechanical energy more efficiently (Sweeney and Houdusse 2010; Shibata et al. 2012; Bouxsein et al. 2013) , which can effectively solve the problem of powering microrobots. Biological motors intact in cells have some inherent advantages compared to isolated biological motors. The former can avoid the cumbersome process of purification and reconstitution of individual motor proteins, and the complex sensors and organelles already present in the cells can be used to receive control information. The sensors and organelles in the cells here can be considered as Bwindows^to communicate with the external world. In recent years, many researchers have studied the use of biological cells as actuators to perform transportation and delivery tasks. For instance, microrotary motors actuated by gliding bacteria were designed, the motions of which were restricted by a circular topology with a width of 2 μm (Hiratsuka et al. 2006) . Then a rod-shaped prokaryotic bacterium was used to drive a single elongated zeolite L crystal (Barroso et al. 2015) , and random motions of bacteria have been used to drive microbeads (Behkam and Sitti 2008; Fernandes et al. 2011; Cho et al. 2012; Park et al. 2015) , microcubes (Park et al. 2010) , and liposome (Kojima et al. 2013; Nguyen et al. 2016) . But motions of these biological cells and microstructures actuated by them could not be precisely controlled. To make the locomotion of the motile cells in a controlled way, many efforts had been made utilizing the sensors or taxis of the cells. A unicellular microorganism was used as Bmicrooxen^to transport microscale loads based on the phototaxis, and the cell could move back and forth along a channel of 50 μm width and 50 μm height (Weibel et al. 2005) . Polystyrene beads could be propelled by bacteria, although bacteria-attached bead exhibited an indication of directionality in the presence of chemical gradient field, a large degree of stochasticity still existed in the system (Traoré et al. 2011; Kim et al. 2012) . Magnetotactic bacteria were initially used as bacterial microrobots to push a 3 μm polystyrene bead to a desired orientation at an average speed of 7.5 μm/s (Martel et al. 2006) . Then magnetotactic bacteria were also used to transport drugs to tumors (Martel et al. 2009a (Martel et al. , 2009b . Recently, magnetotactic bacteria were firstly demonstrated to carry and separate pathogen (Chen et al. 2014) . With respect to random swimming of cells in a liquid, how to precisely control them as microrobots such that they swim according to manually set routes remains a considerable challenge. If the movement of these types of microorganisms can be precisely controlled, the accuracy and efficiency of transportation and delivery will be greatly improved, which would be significant to harnessing the power generated by biological motors to carry out mechanical work outside the cell.
One microorganism that has potential as microrobots is Eudorina elegans. E. elegans is multicellular green algae with a size ranged from 10 to 200 μm, the flagella in which allow the cell to swim freely. At an appropriate light intensity, cells display positive phototaxis and swim toward the light source, and the action spectrum for phototaxis in E. elegans is unimodal, with a maximum response at 492 nm wavelength. The main mechanism of the phototactic response, as explained by Foster and Smyth (1980) is that the cell can change its directionality in response to a varying light signal from the eye spot, and find an environment with proper light condition for photosynthesis to generate the nutrition. These organisms can be considered as microrobots from the perspective of engineering: They have perception and driving ability, can harvest energy from the surroundings, and efficiently convert chemical energy to flagella mechanical energy. In the macroscopic world, humans have tamed cattle and control them to perform various activities. In the microscopic world, taming algae cells, and making them swim as required and perform work for the outside world will have important scientific and practical significance. If it is possible to effectively control the movement of this type of microorganisms with natural advantages of perception and driving ability, algae cells can be used in micro-nano devices, biological chips and biomedical applications. To robotize algae cells and employ them in microscale applications, in this study, a novel algae guiding system (AGS) was developed that could steer the swimming algae cells such as E. elegans and Chlamydomonas reinhardtii based on their phototaxis. The swimming trajectories of cells were tracked in the presence and absence of light. The speed, and force of algae cells were analyzed in detail. The algae cell could be controlled to swim back and forth, and traverse a crossroad as a microrobot obeying specific traffic rules. Furthermore, their motions along arbitrarily set trajectories such as zigzag, and triangle were realized successfully under optical control.
Materials and methods

Algae guiding system (AGS) design
A schematic of the microsystem and configuration of the AGS are illustrated in Fig. 1 . To perform a task, control inputs are sent to the AGS by an operator to control the motion of a LED light source. The light source is used as external optical stimuli for algae cells. Algae cells can continuously detect changes in the direction of optical stimuli and move toward the light source in a sensitive response to the stimulus. Image-based feedback is supplied to the operator, and therefore, the movement of cells can be adjusted in a timely fashion. Thus, precise movement of algae cells can be realized.
In the AGS (Fig. 1b) , E. elegans cells swim in a microfluidic chip placed on a sample stage, which has three orthogonal axes. Observed object (cell) can be easily moved to the center of the field of vision. The wavelength and light intensity of the LED source are 490 nm and 124.25 mW/cm 2 , respectively. 1-4 LEDs can be integrated in the motion control system. The motion control platform has four degrees of freedom, which are marked with white bidirectional arrows and corresponding numbers (1, 2, 3, 4) in Fig. 1b . The platform ensures that the LED source can point to any direction in any horizontal plane to guide E. elegans cells swimming in the microfluidic chip. A CCD camera is mounted on an upright optical microscope to capture images of swimming cells. The images are processed by customized software developed inhouse to calculate different types of parameters including the shape, motion, and control parameters. E. elegans cells can receive control inputs from an operator remotely, give a sensitive response, and then complete the assigned tasks.
Preparation of motile cells
Experimental strains of E. elegans were obtained from the Freshwater Algae Culture Collection at the Institute of Hydrobiology. E. elegans cells were grown in a Tris-acetatephosphate (TAP) medium at 25°C. The culture was illuminated with a series of fluorescent grow lights with a 12/12-h light/dark cycle, and cells were grown to a concentration of 5 × 10 6 cells/ml. Cells were centrifugated at 2000 rpm for 5 min, and suspended into deionized water before the subsequent experiments.
Chip design, fabrication and passivation
The microfluidic chip was comprised of PDMS structure and a glass substrate coated with thin PDMS. A schematic illustration of the microfabrication process is shown in Fig. 2 , which included a computer-numerically controlled (CNC) machining process, a PDMS replication process, and a bonding process. Briefly, polymethylmethacrylate (PMMA) master molds with microstructures were first formed by using a CNC machine (EGX-400, Roland Inc., Japan), which was equipped with a 0.4-mm end mill (Fig. 2a) . The rotational speed of the spindle was 25,000 rpm. Then the viscous PDMS was poured into PMMA master molds, which was cured thermally at 85°C about 0.5 h to form the inverse structures of the channel mold (Fig. 2b) . After peeling off the PDMS with channel structure from the PMMA mold (Fig. 2c) , followed by a drilling step to form wells for loading samples (Fig. 2d ). Glass coated with PDMS was prepared by spin-coating thin layer of PDMS (100 μm), which was cured thermally at 85°C about 20 min (Fig. 2e) . Then, this PDMS structure with wells was bonded with a piece of PDMS coated glass substrate by an oxygen plasma treatment (Fig. 2f) . The fabricated cruciform microfluidic chip is shown in Fig. 2g . The width and depth of the channel were 200 μm. While cells could rapidly adsorb on glass, polycarbonate, so we coated the glass with thin layer of PDMS by spin-coating process as described in Fig. 2e . When we pretreated hydrophilic PDMS surfaces with bull serum albumin (BSA), the problem of cell adsorption could be well solved.
3 Results and discussions
Extracting motion trajectories of cells
We tracked the swim paths of E. elegans cells, and the typical results are shown in Fig. 3 . A cell medium of 100 μl was slowly poured into a chamber (20 × 20× 0.2 mm) in a individual frames. The motion of each cell was considered as a Btrajectory,^and its movement was traced using customized software developed in-house. Self-rotating cells were avoided Figure 3b shows the trajectories of freely swimming E. elegans cells, which demonstrated a significantly random and forward motion. In the same experimental environment, the trajectories of E. elegans cells steered by the LED light at a wavelength of 490 nm were tracked, and are shown in Fig. 3c . The motion trajectories of most cells were parallel to the light, which exhibited better directivity.
Speed and propulsive force analysis
The velocities of swimming cells were analyzed, and a histogram of these velocity data is shown in Fig. 3d . The velocities of swimming E. elegans cells ranged from 30 to 80 μm/s. We fitted a Gaussian function to the peak movement velocity while avoiding non-motile cells, and found a peak velocity of 47.5 μm/s. We also performed a theoretical analysis of the motion and speed. The swimming of E. elegans requires techniques very different from those used by macroscale swimmers. To understand this phenomenon, we utilize the Navier-Stokes equations (Lauga and Powers 2009) , which give a complete definition of a fluid flow. For a fluid with constant density ρ and constant viscosity η, the Navier-Stokes equations are given by following vector equations:
where u is the velocity vector field and p is the hydrodynamic pressure scalar field. Consider a steady flow with a typical velocity U around a body with a characteristic length L. The Reynolds number R e , given by Eq. (2), is classically defined as the ratio of the typical inertial force to the viscous force, which qualitatively captures the characteristics of the flow regime obtained by Eq. (1).
In our experiment, a medium of deionized water at room temperature with ρ ≈ 10 3 kg/m 3 and η ≈ 10 −3 Pa s was used. E. elegans with U ≈ 47.5 μm/s and L ≈ 50 μm has a Reynolds number R e ≈ 2.4 × 10 . At low Reynolds numbers, the flagella of E. elegans deform to create paddling motions. The kinematic eq. of E. elegans cells can be described as
in which x is the position of the cell, m is the cell's mass, r is the radius of the cell, and F thrust is the propulsive force generated by its flagellum. The first term on the right side represents the viscous drag force from the surrounding fluid. When E. elegans cells swim in an equilibrium state, their thrust force equals the drag force exerted on them. The liquid drag force f can be evaluated as
where v is the velocity of E. elegans. We assumed that the cells had a spherical form with a radius r in the range of 5 to 100 μm. Then we estimated the propulsive force to be 2.8-150.7 pN according to our velocity measurements. The propulsive force was much higher than that of bacteria (0.39-0.64 pN) reported by a previous study (Edwards et al. 2013) . Therefore, the speed of an E. elegans cell is essential a balance between the propulsive force generated by its flagella, a reflection of flexural rigidity, and the drag from the surrounding fluid. These results suggest that E. elegans cells have potential to be used in biological drives and new bio-energy applications, because they have a high motility at low Reynolds numbers and can provide a bigger propulsive force.
Propulsive force measurement based on atomic force microscope
To verify the propulsive force obtained by theoretical analysis, a novel and more direct method based on an atomic force microscope (AFM), which has been used for imaging (Tortonese et al. 1993) , manipulation (Ternes et al. 2008) , and fabrication (Zhang et al. 2012) in nanoscale, was developed to measure the swimming force of E. elegans cells. Figure 4a shows a schematic illustration of the measurement process. Cells were centrifugated and suspended into deionized water to obtain a cell concentration of 5 × 10 6 cells/ml. Then we placed the cantilever of AFM into the cell medium. If there was a collision between the cells and the micro cantilever, a weak change in the curvature of cantilever could be detected. The interaction force on the cantilever can be measured from the normal position sensitive detector (PSD) signal by following equations:
where E is the normal elastic modulus, w is the cantilever width, t is the cantilever thickness, l is the cantilever length, c N is the normal spring constant of the AFM cantilever (0.005 N/m), S Z is the PSD sensitivity (30 nm/V) obtained from the force curve, and V N is the normal PSD signal of the AFM cantilever, which can be collected using a data acquisition card. The forces were approximately zero in deionized water without cells, as shown in Fig. 4b . When the cells collided with the cantilever, their total pushing forces could be detected by the AFM cantilever which ranged from 40.5 to 1135.2 pN in cell medium, as shown in Fig. 4c . While multiple cells may collide with the cantilever simultaneously, in order to estimate the swimming force of single cell, some derivations were carried out. First, the effective collision area between the cells and the cantilever were calculated to be 4.97× 10 4 μm 2 according to the sizes of the cells and cantilever. The time was 0.25 s from occurring deformation to achieving maximum deformation of cantilever indicated in the first peak, as shown in Fig. 4c , the cells under cantilever within a distance of 36.9 μm could reach to cantilever during this time, and collide with it considering the velocity and size of the cell. Then we can obtain the volume of 1.83 × 10 6 μm 3 , in which the cells may collide with cantilever in the process of deformation of cantilever. Finally, we can calculate the numbers of cells about 9 within this volume combining with the cell concentration. It means that there were about 9 cells collided with cantilever to reach a force of 1135.2 pN. The swimming force of single cell was approximate to 126.1 pN, which was consistent with the theoretical analysis.
Microsystem performance test
In order to test the performance of the microsystem, microfludic chips with simply straight topology have been designed as described in chip design and fabrication part. The cells can swim back and forth controlled by AGS. Initially, the cell swam in random direction without optical input, as shown in Fig. 5(a.1)-(a.3) . When the LED was opened placed in the right hand of the channel, the cell moved along the light direction shown in Fig. 5(b.1)-(b.3) . If LED position was changed to the left hand of the channel controlled by AGS, the light direction was opposite, the cell changed its direction correspondingly, as shown in Fig. 5(c.1)-(c.3) . Thus LED position could be changed alternately, in response, the cell swam back and forth within a region of the microfluidic channel. The response time of the cell is less than 1.8 s in our system. Besides the reciprocation, it was interesting to observe the cell traverse crossroads under control. When the cell traversed a crossroad, we could control it to go through all the channels in turn as a microrobot, and obey specific traffic rules. We created a traffic rule of Bturn right^for the cell. The cell started from position A (Fig. 6a ) and moved to the intersection under the control of LED light, the direction of which pointed from position B toward A (Fig. 6b) . Then the LED moved to position C. The cell could detect the change in the direction of optical stimulus, turn right in response to it, and move to position C immediately (Fig. 6c) . The AGS then transferred the LED to position D, in response to which the cell returned to the intersection from position C (Fig. 6d) . The position of LED changed to B, and the cell again gave a rapid response to turn right and move from the intersection toward position B (Fig. 6e) . Thus, the cell could be controlled to always turn right, go through all the channels in turn, and return to its initial position. With this method, algae cells can be treated to function as microrobots and traverse flexibly in a more complex microchannel of a microfluidic chip as required. Microscale operations such as micromanipulations and microassemblies can be performed.
Complex motion control along manually set routes
After this preliminary verification of the microsystem performance, complex motion control of the cell was examined. When the cell swims in a sample chamber without any restricted channels, controlling the cell to traverse arbitrarily set trajectories in a two-dimensional plane will be more difficult. Here, we could design the AGS to control the movement of LED such that it steered a single cell traverse a zigzag trajectory. In the sequence of images shown in Fig. 7(a.1)-(a.8) , the insets indicate the relationship between the position of LED and the cell trajectory. First, the LED was transferred to a reasonable location by the AGS, and the light source direction was adjusted to steer the cell complete a horizontal line movement indicated by the red line shown in Fig. 7(a.2) . Then the LED moved to another location, and the light source direction was adjusted correspondingly. The cell gave a sensitive response to move along a vertical path, as shown in Fig. 7(a.3) . Thus, the cell could be steered by the AGS to automatically move stepwise and complete the zigzag trajectory movement shown in Fig. 7(a.4)-(a.8) . The cell could also be controlled to complete closed trajectories in the same way; snapshots in one such trajectory, the triangle trajectory, are displayed in Fig. 7(b.1)-(b.7) . This microsystem does not produce any toxic byproducts and is capable of operating for long periods of time. Various motion trajectories of the cell can be In the images, a red circle has been added to each frame to indicate the position of the cell, and light direction is suggested by the presence of yellow arrows. The time elapsed between images is 4 s Fig. 6 Sequence of images displaying how the cell traverses in a crossroad under the control of AGS. The cell can be controlled to always turn right, go through all the channels in turn, and return to its initial position. The red dashed circle is used to mark the position of the cell, the red dotted line with arrow indicates the movement direction of the cell, and the yellow arrows represent the light direction planned in a two-dimensional plane through this method, and the precision of directional control is more higher compared with previous studies (Traoré et al. 2011; Kim et al. 2012; Chen et al. 2014 ) based on other taxes of microorganisms. It reflects the great potential of using alga microrobot to precisely transport and deliver cargo such as drug particles in microfluidic chip for biomedical treatment and pharmacodynamic analysis.
Conclusions
In summary, this study developed a novel algae guiding system (AGS) to steer swimming cells based on the phototaxis. The swimming trajectories of cells in the fabricated microfluidic chip were tracked using customized software in the presence and absence of light. Cells showed a significantly random and forward motion in the absence of light, and the motion trajectories of most cells were parallel to the light in the presence of light, which exhibited better directivity. Then the speed, and the propulsive force of the cell was studied by detailed theoretical analysis and experimental measurement. The detected swimming force of E. elegans cell was about 126.1 pN, which was consistent with the theoretical analysis. Reciprocation of algae cell was carried out to test the performance of the microsystem, and single algae cell could be controlled to traverse a crossroad as a microrobot obeying specific traffic rules. Furthermore, algae cells' motions along arbitrarily set trajectories such as zigzag, and triangle were realized successfully under optical control. This study provides a feasible approach to robotize algae cells, which can be used in future drug delivery tasks, drug-screening platforms, bioanalytical lab-on-a-chip devices. The outcomes of this research are expected to bring significant breakthrough in biological drives and new biomedical applications. Partnership Program for Creative Research Teams.
